ABSTRACT
INTRODUCTION
Expeditious technological progression in molecular genetics, primarily driven by the Mouse and Human Genome Project, has resulted in a multitude of high-throughput efforts to construct chromosome-specific maps. These maps are based on sequencetagged sites (STSs) (6) and gene-based sequence tagged site markers (ESTs) (5) . To date, a physical map consists of a series of well-spaced STSs and covers almost the entire human genome. By positioning ESTs relative to microsatellite markers, a human transcript map is being generated across the genome by the Radiation Hybrid Mapping Consortium (15) . The bacterial artificial chromosome (BAC) has proved to be a good cloning vehicle to generate relatively stable libraries (16) . Recently, by improving the construction of BAC libraries, Osoegawa et al. (13) were able to create a highly recombinant, 25.3-fold redundant human male BAC library (RPCI-11).
Currently, our laboratory is in the process of assembling a genome-wide arrayed BAC clone resource for fluorescence in situ sequence hybridization (FISH) analysis of chromosomes (12) .
Individual positive BAC clones are identified through hybridization-based screening of high-density filter sets. At the present time, fluorescent fingerprint analysis (4) and PCR analysis (11) are being used as the standard methodologies to confirm positively selected BAC clones. However, an initiative like this requires technologies that simultaneously advance the output and reduce costs. Above all, the conventional agarose gel electrophoresis technique used to visualize individual PCR products leaves room for improvement because this procedure is very time consuming and often ambiguous. PCR products screened on agarose gels can be vague, and the use of different primer pairs under similar PCR conditions can easily result in the formation of nonspecific PCR products. Furthermore, an undesirable consequence of opening test tubes is the possible PCR product contamination of untested samples (8) .
In this paper, we report the development of a semiautomated assay to achieve high-throughput screening. This extremely sensitive multiplex assay eliminates the labor-intensive and time-consuming product confirmation of gel electrophoresis. In a real-time PCR, STS/EST regions are amplified in selected positive BAC clones in sealed reaction tubes in the presence of fluorescent reporter probes. These fluorescent reporter probes, or molecular beacons, can identify specific STS regions. Additionally, an extra level of specificity is being introduced with these molecular beacons because the generation of a fluorescent signal is exclusively due to the detection of the intended PCR product.
Molecular beacons are single-stranded hybridization probes that form a stem-and-loop structure and possess an internally quenched fluorophore (19) . A nonfluorescent quencher is covalently linked to the 3 ′ end, and a fluorophore is covalently attached to the 5 ′ end. In the absence of target, the hairpin stem keeps the fluorophore in close proximity to the quencher, causing fluorescence to be quenched. However, when the probe sequence in the loop anneals to its target, the rigidity of the probe-target helix forces the hairpin stem to unwind, separating the fluorophore from the quencher and restoring fluorescence (Figure 1 ). Interestingly, structured DNA probes such as molecular beacons show an enhanced specificity in probe-target duplex formation (1). In addition, molecular beacons can possess multicolor fluorophores (18) , as a result of which different targets can be simultaneously detected in the same solution.
In this report, we describe an innovative test in which multiple short tandem repeats (STRs) are detected in an extremely sensitive high-throughput multiplex detection assay using multicolor molecular beacons.
MATERIALS AND METHODS

Template DNA
Template for molecular beacon PCR analysis was BAC clone DNA previously assembled for analysis by conventional PCR. These cl o nes were derived from our RPCI-11 human male BAC library (see http://www.chori.org/ bacpac/11framehmale.htm) as part of an ongoing high-throughput screening project to obtain an ordered set of reagents for FISH. Hybridization positive clones were cultured and prepped for PCR ver ification of marker content (unpublished data). Whole genomic control DNA was isolated from transformed lymphoblasts obtained from healthy volunteers at the Roswell Park Cancer Institute.
Library Screening Strategy
For the library screening, we fol -
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lowed a previously described strategy (12) . To improve the success rate of the marker to BAC correlation, we are employing overlapping oligonucleotide probes ("overgo") based on the EST and STS sequences for the markers (10) . The overgos are designed with the same average melting characteristics and are labeled by replicating the 5 ′ overhangs using 32 P nucleotide triphosphates. To increase the throughput of the screening process to high-density BAC colony membranes, the probes are pooled in mixtures of 36 probes each.
Informative probe mixtures are prepared through the use of a 3-D (6 × 6 × 6) probe pooling strategy consisting of 216 distinct probes.
Selection of PCR Primer Sets
A Basic Local Alignment Search Tool (BLAST) search was conducted using a UNIX ® -based script, which automates the sequence analysis to mask repetitive elements (Repeat Masker). PCR of STS/EST marker sequences present in BAC clone DNA was performed using established primer pairs (MapPairs ® ; Research Genetics, Huntsville, AL, USA) flanking these markers and generating products ranging from 127 to 299 bp.
Synthesis of Molecular Beacons
To confirm predicted probe-BAC pairs, molecular beacons were constructed capable of recognizing CA or GATA STRs. Synthesized molecular beacons contain two complementary 5-nucleotide-long arms and a 20-nucleotide-long probe sequence. For the single-beacon assays (optimalization experiments), fluorescein (FAM) was selected as the fluorophore. To distinguish the fluorescence of one molecular beacon from another in a duplex assay, tetrachloro-6-carboxyfluorescein (TET) and carboxytetramethylrhodamine (TMR) were selected on the basis that their emission maxima are well spaced from each other across the visible spectrum. The fluorophores FAM and TMR (Molecular Probes, Eugene, OR, USA) are joined to a sulphydryl group at their 5 ′ terminal by removing the protective trityl moiety. The quencher 4-(4 ′ dimethylaminophenylazo)benzoic acid (DABCYL) (Molecular Probes) is coupled to a primary amino group at its 3 ′ end utilizing an amine-reactive derivative of DABCYL. The TET molecular beacon was synthesized completely on a DNA synthesizer (Applied Biosystems, Foster City, CA, USA) utilizing a controlled-pore glass column (Glen Research, Sterling, VA, USA) to introduce a 4-dimethylaminoazobenzene-4 ′ -sulfonyl group (DABSYL) at the 3 ′ end of the oligodeoxyribonucleotide and a tetrachloro-6-carboxyfluorescein phosphoramidite (Glen Research) to introduce the fluorophore at the 5 ′ end of the molecule. Each molecular beacon was purified by HPLC. A previously described, detailed protocol for synthesizing molecular beacons is available at http://www.molecular-beacons.org.
Nucleotide Sequence of Molecular Beacons
CA
repeat-specific molecular beacons: fluorescein-5 ′ -CGAGC GTG -TGTGTGTGTGTGTGTGT GCTCG-3 ′ -DABCYL (CA-FAM), carboxytetramethylrhodamine-5 ′ -CGAGC GTGTG-TGTGTGTGTGGTGTGCTCG-3 ′ -DABCYL (CA-TMR); GATA repeatspecific molecular beacons: fluores - where underlines identify the complementary arm sequences of the stem.
Conventional PCRs
For 0) . The thermal cycling program started with a 4-min denaturation at 95°C, followed by 30 cycles of amplification (denaturation at 95°C for 15 s, annealing at 55°C for 30 s, and polymerization at 72°C for 45 s) and 1 cycle at 72°C for 10 min. PCR products were analyzed by agarose gel electrophoresis.
Molecular Beacon PCRs
Amplification reactions employing molecular beacons were performed in an ABI P RISM ® 7700 spectrofluorometric thermal cycler using sealed optical tubes in a 96-well microplate (both from Applied Biosystems). Preceding the PCRs with molecular beacons in duplex, reference emission spectra of CA-TET and GATA-TMR were stored in the spectrofluorometric thermal cycler by hybridizing each molecular beacon to an excess of perfectly complementary oligonucleotides at 55°C. This enables the generated fluorescent emission spectra to be separated into the contributions from each of the two differently colored molecular beacons present in the same reaction tube. 
RESULTS
Clone Confirmation through Conventional PCR
Positive clones from segment 1 of the RPCI-11 human male BAC Library that had been identified on high-density filter sets were subsequently individually confirmed by PCR analysis. PCRs were performed using unique established primer pairs flanking each of the positive screened STS/EST markers. Clones that contained an EST, a CA, GATA, or GGAA repeat were verified. A total of Research Report Figure 3 . Specificity of real-time multiplex detection of CA and GATA repeat products. Two sets of five assays were carried out in parallel, each initiated with BAC clone DNA containing CA repeats ( G), GATA repeats ( I), CA/GATA repeats ( L), BAC clone DNA without any CA/GATA repeats (not shown), and a nontemplate control (not shown). Every tube contained a set-specific established primer pair to amplify either GATA or CA repeats, respectively. All tests were carried out in the presence of two differently colored, STS-specific molecular beacons [GATA-TET, left-hand panel (reports emission at 535 nm); CA-TMR, right-hand panel (reports emission at 575 nm)]. Only the molecular beacon whose probe sequence was complementary to a product formed a hybrid and emitted a fluorescent signal corresponding to either a CA or GATA repeat. Fluorescence was measured every cycle and plotted versus the cycle number. Fluorescent signals were absent in the template with no repeats and nontemplate control assays (not shown).
260 BAC clones were tested utilizing 40 different specific oligonucleotide sets derived from as many STS/EST markers available through the Whitehead Center for Genome Research (Cambridge, MA, USA). Out of the 260 hybridization positive clones, 79.2% ( n= 206) were unique clones from which 145 clones were verified by conventional PCR and agarose gel electrophoresis (i.e., 70.4% of the unique clones) ( Table 1 ). Figure 2 shows products of the final confirmation achieved through size assessment of PCR products by agarose gel electrophoresis. As a consequence of the high-throughput screening, the PCR analyses for all STSs were carried out under identical conditions, resulting sometimes in rather vague bands and/or multiple products. This makes interpretation of the results often difficult, and repetitive screening of these clones is therefore inevitable.
Real-Time Detection of PCR Products
To overcome the imperfections described above of the BAC clone verification through size assessment of PCR products by agarose gel electrophoresis, a semiautomated assay was developed with the ability to identify specific STRs. In a real-time PCR, we detected these STS/EST regions utilizing molecular beacons. First, we had to determine that molecular beacons could easily discriminate between the different STRs. Therefore, two fluorescein-labeled molecular beacons were synthesized, each with internal loop sequences of 20 bp long, complementary to either 10 CA repeats or 5 GATA repeats. The arm sequences of the beacons were designed to form a hybrid at the PCR annealing temperature. To confirm the hairpin structure, a computer program (22) further analyzed the complete sequence of each molecular beacon. For this occasion, established primer pairs for each of the two STRs were selected on the basis of their PCR product expediency, as determined in previously performed conventional PCR assays. Two human DNA samples were used as templates for PCRs in which the CA or GATA repeats were amplified in separate tubes in the presence of the specific molecular beacons.
A spectrofluorometric thermal cycler possessing a 488-nm laser light source was used to determine the elicited fluorescence in real-time. In all the tested samples, fluorescent signals were generated with molecular beacons complementary to the products containing a specific STR, whereas a noncomplementary beacon does not generate a signal. In control reactions in which a DNA template is absent, no increase in fluorescence was observed (data not shown). Furthermore, agarose gel electrophoresis disclosed the presence of PCR products in all tested samples, except for the samples without any DNA template (control). Our results demonstrate that these molecular beacons bind specifically to their intended target product of either CA or GATA repeats.
Real-Time Multiplex Detection of CA and GATA Repeat Products
The final stage of our study was to establish a high-throughput application in which BAC clones containing CA and/or GATA repeats are distinguished in the same sealed reaction tube. This can be achieved by applying CA-TMR and GATA-TET molecular beacons simultaneously in a single PCR assay. The emission spectra of TET (emission maximum 535 nm) and TMR (emission maximum 575 nm) are reported during the annealing stage of all 35 thermal cycles. In the spectrofluorometer thermal cycler, the stored reference emission spectra of TET and TMR were utilized to decompose the recorded spectra into individual spectral contributions of GATA-TET and CA-TMR molecular beacons. The manifestation of green-yellow and orange fluorescence identifies the GATA repeat and CA repeat, respectively.
To examine the sensitivity of our newly developed detection assay, the 260 hybridization positive BAC clones, previously characterized by conventional PCR, were put to the test in a comparative molecular beacon assay. To preserve objectivity, a blind study was performed. BAC clone DNA, control human DNA, and nontemplate samples were mixed with the corresponding established primer pairs in Roswell Park Cancer Institute. These samples were then coded and shipped overnight to the Public Health Research Institute, where the molecular beacon genotyping data were generated. Figure 3 shows the specificity of the real-time multiplex detection of CA and GATA repeat products. Five assays were carried out in parallel, initiated with BAC clone DNA containing CA and/or GATA repeats, BAC clone DNA without any CA/GATA repeats, and a nontemplate control. The result shows that individual clones are easily distinguished from each other by the color of the fluorescent signal generated by molecular beacons complementary to a CA or GATA repeat. No fluorescent signals were generated in both the template with no repeats and nontemplate control assays (data not shown).
The results in Table 1 show that molecular beacons detected 30 out of 43 GATA repeat clones (conventional PCR, 29/43) and 99 out of 162 CA repeat clones (conventional PCR, 92/ 162). With the CA-TMR and G A TA-TET molecular beacons, we additionally verified 10 BAC clones containing CA repeats and two BAC clones containing GATA repeats. However, one GATA repeat and three CA repeat clones, which were initially positively confirmed by the conventional method, were tested as negative. Unexpectedly, all eight positive clones anchored to locus D7S513, which is reputed to be a CA repeat marker, generated fluorescence with both TET and TMR fluorophore labeled beacons. A sequence query for marker D7S513 at the Whitehead Institute (http://www.genome. wi.mit.edu) showed that there were also 11 repeated GATA sequence blocks present within the product area of this locus. PCR products of BAC clones and positive control DNA containing ESTs or GGAA repeats, as well as the nontemplate controls, remained negative for TMR and/or TET fluorescence. Amplified positive control DNA, which contained CA and/or GATA repeats, did generate the expected TMR and/or TET fluorescence.
DISCUSSION
With the ambitious goals to complete high-quality full DNA reference sequences of human (2) (4) and PCR analysis (11) have always verified BAC clone eligibility. Visualization of individual PCR products by way of agarose gel electrophoresis is time consuming. Diametrically opposed to this technique is our newly developed PCR/hybridization test. This assay utilizing molecular beacons is simple, and it completely eradicates the labor-intensive product confirmation of gel electrophoresis. Furthermore, the specificity of the molecular beacon allows low-stringency amplification parameters, resulting in robust amplification of almost any primer/template combination. One of the many advantages of working with molecular beacons is that cross-contamination does not occur because tubes remain sealed while the data is being generated (19) . The profound specificity of molecular beacons enables a multiplex one-tube detection assay because mixtures of multicolored molecular beacons can help discriminate between different targets (9, 18) .
When 260 positive clones from the RPCI-11 human male BAC library (identified on high-density filter sets) were put through the conventional PCR confirmation test, 145 clones were verified (Table 1) . On first sight, these results might seem to be rather poor. However, high-density filter sets used for hybridization screening purposes are reused to reduce the cost of analysis. Under initial conditions, some positive signals appeared to be previous hybridization signals (unpublished results). In addition, we also found that for 10% of STS/EST markers, the primer pairs were not successful in generating a PCR product. Since PCR was performed using established primer pairs for microsatellite markers,
